Minoxidil, a long-acting vasodilating antihypertensive agent, reduces arterial blood pressure by a direct action on arteriolar smooth muscle. The present studies examined the gross anatomic, histologic and ultrastructural myocardial alterations produced by 2 daily doses ofminoxidil in beagle dogs (0.5, 1, or 3 mg/kg) and miniature swine (l, 3, or 10 mg/kg), Both myocardial necroses and hemorrhages were observed in dogs and pigs 24 hr after the last dose of minoxidil. In both species, the necroses were most frequent in the left ventricular papillary muscles, particularly the posterior one, but were less severe in swine. An ischemic origin of the necroses was suggested by the location of the lesions and by the pharmacologic effects of minoxidil. Gross epicardial or endocardial hemorrhages involving the atria and, to a lesser extent, the ventricles were observed in both species but were more severe in dogs. The atrial lesions were manifested grossly by diffuse redness and microscopically by interstitial edema, extravasated erythrocytes and infiltration of mononuclear cells. Hemorrhages, occurring on the epicardial surfaces, were often associated With lesions that involved small arteries having 3-6 layers of medial smooth muscle cells and were characterized by endothelial injury, intramural accumulations of erythrocytes and platelets, periadventitial hemorrhage, fibrin deposits and an inflammatory cell reaction. These lesions preferentially involved the right atrium in dogs and the left atrium in pigs. Pretreatment of beagledogs with pyribenzamine (3 doses of6 mg/kg every 8 hr), cimetidine (3 doses of 15 mg/kg every 8 hr), or. both, had no effecton the incidence or severity of minoxidil-induced hemorrhagic lesions. The hemorrhagic lesions may be caused by overstretching of the vascular walls due to excessive, prolonged vasodilatation.
INTRODUCTION
Minoxidil is a potent long-acting vasodilating drug which lowers arterial blood pressure by a direct action on arteriolar smooth muscle (6) . The clinical use of minoxidil has been associated with signs of reflex sympathetic activation such as tachycardia, increased venous return and increased cardiac out- I Presented at the Toxicology Forum in Aspen, Colorado, July 9-11,1987. put (12, 14) . Minoxidil induces similar hemodynamic changes in experimental animals (2, 6, 9) . In addition, at least 2 distinct types of pathologic lesions have been detected in the hearts ofminoxidiltreated dogs: acute left ventricular myocardial necroses and hemorrhagic right atrial lesions (2, 6, 9) . Hypotension and reflex tachycardia produced by minoxidil are thought to cause the left ventricular necroses (2, 6, 9) , but the pathogenesis of the atrial hemorrhagic lesions is not known. Initially, studies in a variety of other animal species failed to demonstrate any consistent cardiac morphologic alterations, suggesting that minoxidil-induced myocar-dial lesions might be limited to the dog (6) . Subsequently, atrial hemorrhagic lesions and left ventricular papillary muscle necroses were found in miniature swine given 2 daily doses of minoxidil (16) .
The present studies were initiated to compare the acute hemodynamic changes and cardiac morphologic alterations induced in beagle dogs and miniature swine by 3 dose levels of minoxidil. A second portion of this investigation was directed toward exploring potential mechanisms responsible for the myocardial lesions.
METHODS
Adult beagle dogs (8-12 kg) or miniature swine (18.4 to 47.2 kg) were used in all portions of the study.
Hemodynamic and Histopathologic Cardiac Effects ofMinoxidil in Beagle Dogs
Dogs were divided into 3 groups of 8 animals: each group received a single oral dose of either 0.5, 1, or 3 mg/kg ofminoxidil on each of 2 consecutive d. Five additional dogs served as controls and received empty gelatin capsules at the same time intervals. Lead II ofthe ECG was recorded before and 2 hr after dosing on each treatment day and 24 hr after the last minoxidil dose.
The effects of minoxidil on arterial pressure were determined in 5 dogs in which a polyethylene cannula was chronically implanted in the femoral artery. The dogs were allowed to recover from the surgery for 1 week and then were given 0.5, 1, or 3 mg!kg minoxidil orally at l-week intervals. Mean arterial blood pressure, lead II of the electrocardiogram (ECG) and heart rate were determined before and 2 hr after minoxidil administration. The mean change in arterial pressure and heart rate ± SE was determined for each dose of minoxidil.
Hemodynamic and Histopathologic Cardiac Effects ofMinoxidil in Miniature Swine
Miniature swine were divided into 3 groups, each of which received a single oral dose of either 1 mg! kg (8 animals), 3 mg/kg (13 animals) or 10 mg/kg (14 animals) ofminoxidil, given in gelatin capsules, on each of 2 consecutive d. Three additional miniature swine served as controls and received empty gelatin capsules at the same time intervals.
The effects of 1, 3, or 10 mg/kg minoxidil on arterial pressure and heart rate were determined in animals (n = 5 per dose) in which a polyethylene carotid artery cannula was implanted. Cannulas were also inserted into 3 control animals. These miniature swine were allowed to recover for 1 week before being dosed with minoxidil. In all animals, lead II of the ECG and heart rate were monitored from subcutaneous electrodes. Mean arterial pressure (only from animals with implanted carotid artery cannulas), lead II of the ECG and heart rate were recorded before (control period), 2-4 hr after the first minoxidil dose, and 24 hr after the second dose. The mean change in arterial pressure and in heart rate ± SE were determined for each dose of minoxidil. Paired-sample t-testswere used to compare pre-and post-treatment mean arterial pressure and heart rate values.
Effect ofPretreatment with Antihistaminic Agents on Histopathologic Cardiac Effects ofMinoxidil in Beagle Dogs
Four groups of 5 dogs each were given 3 mg/kg minoxidil orally on each of 2 consecutive d. One of these groups received 15 mg/kg cimetidine; a second, 6 mg/kg pyribenzamine; and a third, the combination of 15 mg/kg cimetidine and 6 mg/kg pyribenzamine orally 1 hr before minoxidil and every 8 hr thereafter during the 2-d minoxidil dosing period. Two additional groups of 3 animals were given 15 mg/kg cimetidine or 6 mg/kg pyribenzamine at the same time intervals. Lead II of the EeG was monitored from subcutaneous electrodes before and during each pretreatment period. In addition, the ECG was recorded 2 to 4 hr after the first minoxidil dose and 24 hr after the second minoxidil dose.
Mean change in heart rate ± SE was determined at each ofthe above times. A paired-sample r-test was used to compare pre-and post-treatment heart rate values.
Procedure for Termination ofStudies
In each of the studies, the animals were euthanatized 24 hr after the last dose of minoxidil and a necropsy was performed immediately. The heart was the only tissue analyzed in detail. Each heart was examined grossly and histological sections were prepared from anterior and posterior left ventricular papillary muscles, left and right ventricular free walls and left and right atrium. The sections were stained with hematoxylin and eosin (H&E)or with Masson's trichrome, and were examined microscopically. Myocardial necrosis was graded as minimal (1+); mild (2+); moderate (3+); moderately severe (4+) and severe (5+) to reflect the extent of microscopicallyvisible lesions. Grading was done without prior identification of the treatment group.
Electron microscopy was performed on selected atrial vascular lesions and necrotic lesions in left ventricular papillary muscles in dogs and swine. The areas to be studied were identified with the aid of a dissecting microscope, fixed with phosphate-buffered 3% glutaraldehyde or with a mixture of 1% glutaraldehyde and 4% formaldehyde in phosphate buffer, postfixed with 1%OS04in phosphate buffer, dehydrated with ethanol and propylene oxide, and embedded in Polybed 812. Ultrathin sections were stained with lead citrate and uranyl acetate and examined with a transmission electron microscope. Table I summarizes the changes in mean arterial pressure and heart rate noted in unanesthetized dogs 2 hr after oral administration of minoxidil. Mean arterial pressure declined by an average of 10, 27, and 42 mm Hg and heart rate increased by an average of 47, 63, and 79 beats/min after the 0.5, 1, and 3 mg/kg doses of minoxidil, respectively. In dogs used for histopathologic study, all doses caused a significant increase in heart rate within 2 hr of administration. The increase in heart rate ranged from 60% after the 0.5 mg/kg dose to 100% after the 3 mg/kg dose. The tachycardia persisted for as long as 24 hr after the second dose of minoxidil.
REsULTS

Hemodynamic and Cardiac Histopathologic Effects ofMinoxidil in Beagle Dogs
Three types of morphologic alterations (hemorrhage, muscle necrosis, and arteritis) were found in the hearts of minoxidil-treated dogs (Figs. 1-4). Myocardial necrosis, essentially limited to the left ventricular 'papillary muscles, particularly the posterior one, occurred in 1 of 8 animals (lesion score 1+) given 0.5 mg/kg and in 5 of 8 animals in each of the 1 mg/kg (lesion scores of I + in I animal, 2+ in 1animal and 3+. in 3 animals) and 3 mg/kg (lesion scores of 2 + in one animal, 3+ in 2 animals and 4 + in 2 animals) dose groups. The lesions were welldelineated, greyish areas varying in size from about 5 x 10 mm to less than 1'x 1 mm. Microscopically, these areas were characterized by hypercontraction bands, fragmentation, variable separation, vacuolization and increased eosinophilic staining of the muscle cells, and foci of calcific deposits within the cytoplasm of the myocytes. Focal superficial areas of epicardial or endocardial hemorrhage, which measured from 5 to 10 mm in greatest diameter and involved the right atria and to a lesser extent the ventricles, were found in 4 of the 8 animals given each of the dose levels. The atrial lesions appeared diffusely red on gross observation and were characterized microscopically by interstitial edema, extravasated red blood cells and infiltration of mononuclear cells and a few mast cells and eosinophils (Fig. 2 ). An arteritis, noted in 3 hearts, involved small coronary vessels that coursed superficially in areas of hemorrhage in the right atrium or in the groove of the circumflex coronary artery. The large extramural coronary arteries were normal. The arteritis was characterized by: 1) a few polymorphonuclear leukocytes and mononuclear cells in the media and adventitia; 2) large but focal accumulation of erythrocytes in the media, adventitia and perivascular space; and 3) separation of adjacent layers of the vascular wall by deposits of fibrin-like material (Figs. 1-4) .
Ultrastructural study of the vascular lesions revealed focal areas ofdiscontinuity in the endothelial lining of the affected small arteries, damage to endothelial cells, extensive accumulations of platelets, erythrocytes and a few leukocytes in the medial layer, and extravasation of erythrocytes beyond the external elastic laminae (Figs. 3, 4 ).
Hemodynamic and Cardiac Histopathologic Effects ojMinoxidil in Miniature Swine
Both hypotension and tachycardia were noted in miniature swine given the highest minoxidil dose . (10 mg/kg) (Table II) . In these animals, significant changes in mean arterial pressure and heart rate were observed 4 hr after the first dose as well as 24 hr after the second dose. Lower doses of minoxidil (lor 3 mg/kg) had relatively little effect on mean arterial pressure, but did cause significant increases in heart rate.
Morphologic alterations detected in minoxidiltreated miniature swine consisted ofmyocardial necrosis, hemorrhage, inflammation and arteritis ( mg/kg (lesion scores of 1+ in 5 animals and 2+ in 2 animals). The greyish necrotic areas were 1 to 3 mm in diameter and appeared both grossly and microscopically similar to those seen in the beagle dogs.
Although atrial and ventricular hemorrhages were seen in animals treated with all 3 dose levels of minoxidil, these alterations occurred more frequently in animals given the 3 and 10 mg/kg doses. Hemorrhages ranged in size from 2 to 10 mm in diameter and were found in both epicardium and endocardium. The left atrium was most consistently affected and displayed widespread or multiple hemorrhages scattered in the epicardium. Patches of epicardial and endocardial hemorrhage in left and right ventricle usually were observed in those animals which had the most extensive atrial lesions. The affected left atrial epicardium was found to contain numerous extravasated erythrocytes and smaller numbers of lymphocytes, macrophages and mast cells (some of which were partially degranulated) and eo sino- Figs. I and 2 . Note the conical shape, suggestive of contraction, of the endothelial cells, and the internal elastic lamina (JEL), which has a lucent appearance and overlies a densely packed mass of platelets. One platelet is tightly wedged against the basal surface of an endothelial cell (arrowheads). Uranyl acetate and lead citrate stain. x 18,000. Fig. 3, but showing the rounded shape of a nuclear region of an endothelial cell overlying platelets and erythrocytes. Vesicles subjacent to the basal surface of the endothelial cell are interpreted as being parts of the cytoplasm of damaged, adjacent endothelial cells which have become separated from the cell shown in the photograph. Empty spaces, free of membranes, represent regions of subendothelial edema. Uranyl acetate and lead citrate stain. x 18,000. philic leukocytes. These changes were accompanied by interstitial edema and congestion of epicardial and myocardial capillaries.
FIG. 4.-Area similar to that in
Acute vascular damage with hemorrhage was prominent in the left atrial epicardium and subjacent myocardium and was present occasionally in the ventricular epicardium and endocardium and in the atrial endocardium. Light and electron microscopic studies disclosed that the vascular injury involved small coronary vessels that showed endothelial swelling and had scattered neutrophils, macrophages, lymphocytes, and erythrocytes in their walls and in the perivascular connective tissue. The vessels involved by these changes were smaller than those in the corresponding lesions in dogs. The large extramural coronary arteries were normal. a Determinations were made prior to, and 4 hr after, the first minoxidil dose and 24 hr after the second minoxidil dose. Animals were treated with6 mg/kg pyribenzamine, IS mg/kg cimetidine, or both 6 mg/kg pyribenzamine and IS mg/kg cimetidine, every 8 hr.
b Values are mean ± SE. C Significantly different from control by paired sample z-test (p < 0.05).
TOXICOLOGIC PATHOLOGY
Effect of Pretreatment with Antihistaminic Agents on Cardiac Histopathologic Alterations Induced by Minoxidil in Beagle Dogs
Minoxidil increased the heart rate from 84 ± 10 beats/min to 180 ± 21 beats/min within 2 hr (Table  III) . A tachycardia was apparent even 24 hr after the second dose ofminoxidil (195 ± 12 beats/min). Pretreatment with pyribenzamine, cimetidine, or both, did not significantly alter the magnitude of minoxidil-induced tachycardia (Table III) . Both myocardial necrosis and hemorrhages were observed in the dogs given minoxidil alone. The necroses, noted in 3 of 5 animals, were most frequent in the left ventricular papillary muscles, particularly the posterior one. Gross epicardial or endocardial hemorrhages involving the atria and, to a lesser extent, the ventricles were observed in 4 of these 5 dogs. In 2 animals, hemorrhages occurring on the epicardial surface were associated with lesions that involved small arteries. Pretreatment with the 2 antihistamines had no influence on the incidence or severity of the necrotic or hemorrhagic lesions produced by minoxidil.
DISCUSSION
The present study shows that similar myocardial lesions are induced in beagle dogs and in miniature swine following oral administration ofminoxidil on 2 consecutive d. Both species develop left ventricular papillary muscle necroses, myocardial hemorrhages and inflammation, and vascular lesions which are most prominent in atrial epicardium.
The left ventricular papillary muscles, the primary sites of the ventricular lesions, have been found to be the regions most susceptible to ischemia (1). These lesions appear to be the result of minoxidilinduced tachycardia and hypotension leading to inadequate oxygenation of papillary muscles. The minimal oral dose of minoxidil causing a hypotensive response in dogs has been reported to be 0.5 mg/kg (6). This dose was found to also cause tachycardia. The incidence and severity of necrosis increased at the higher doses (1 and 3 mg/kg), which produced hypotension and tachycardia of greater magnitude. In miniature swine, minoxidil doses of 1 or 3 mg/kg had little or no effect on arterial pressure, but the 10 mg/kg dose produced both hypotension and tachycardia of a magnitude comparable to that occurring in dogs given 1 mg/kg ofminoxidil. The left ventricular papillary muscle lesions in miniature swine dosed with 10 mg/kg minoxidil were less severe than those found at lower minoxidil doses in dogs. This difference in severity of necroses may reflect the fact that at comparable doses minoxidil causes more profound cardiovascular alterations in dogs than in miniature swine. . In studies of myocardial regional blood flow in dogs treated with minoxidil, lett et al (11) found that left ventricular subendocardial blood flow was increased by 2 daily doses of 3 mg/kg minoxidil: from 1.54 to 2.72 mllg/min in the posterior wall and from 1.41 to 2.23 mllg/min in the anterior wall; however, the diastolic pressure time index/systolic pressure time index ratio (DPTI/SPTI ratio), which correlates with the adequacy of subendocardial perfusion, decreased. This suggests that the increased coronary blood flow occurred mostly during systole and that subendocardial perfusion was inadequate. The observations just reviewed suggest that the left ventricular papillary muscle necroses induced by minoxidil were due to ischemia. Thus, these lesions would appear to be similar to those induced by other antihypertensive agents which can compromise myocardial oxygenation by producing reflex sympathetic stimulation with tachycardia, thereby increasing demands for oxygenation (15) ; in certain areas of myocardium, such as the papillary muscles, the resulting increases in blood flow to meet the metabolic demands are inadequate and ischemia develops. This appeared to be the case in the minoxidil-treated dogs studied by lett et al, in which blood flowincreased, but only minimally, from control values of 1.90 ± 0.21 ml/g/min to 2.32 ± 0.41 ml/g/min in the left ventricular anterior papillary muscle, and from 1.85 ± 0.18 mllg/min to 2.21 ± 0.25 in the left ventricular posterior papillary muscle (11) .
The morphologic findings of contraction band necrosis and calcific deposits in damaged or necrotic myocytes are compatible with the concept that these lesions result from ischemia plus reperfusion. The pathogenesis ofsuch lesions involves damage to the plasma membrane during the period of ischemia, with further damage and massive influx of calcium into the affected myocytes causing hypercontraction when. a more adequate perfusion is subsequently restored (3, 13). It also seems likely that calcium influx into myocytes increases as an effect of catecholamine release during the reflex sympathetic stimulation produced by vasodilatation; however, a direct assessment of catecholamine release during these conditions has not been.made,
The hemorrhagic lesions seen in both dogs and miniature swine were most consistently present in the atria but were occasionally found in other locations of the heart. These lesions were often associated with vascular inflammation and damage. The gross anatomic distribution of the lesions was different in dogs and miniature swine and occurred mainly in the right atrium in dogs and the left atrium in pigs. As in the case of left ventricular papillary muscle necroses, the hemorrhagic lesions in dogs were more severe than those found in pigs. The gross anatomic distribution of the coronary arteries and the vascular supply to the atria differ in a number of respects in the 2 species (3); however, it is not known whether such anatomic differences influence the site and severity of minoxidil-induced atrial lesions. It should be noted that the vascular lesions also differ in dogs and pigs with respect to the size ofthe affected vessels. Vascular lesions in dogs were seen in larger size vessels (3-10 layers of medial smooth muscle cells) than was the case in pigs (only 3 or less layers of smooth muscle cells). The reason for this difference is not known.
The pathogenesis of the atrial hemorrhagic and vascular lesions produced by minoxidil is not known. Other drugs, such as theobromine (7) The vascular lesions produced by minoxidil in cardiac vessels have a striking histological resemblance to those described by Yuhas et al (17) in renal and splanchnic arteries of rats given intravenous infusions of 5-100 ug/kg/min of fenoldopam mesylate (6-chloro-7,8-dihydroxy-1-(4'-hydroxyphenyl)-2,3,4,5-tetrahydro-1 H-3-benzazepine), a selective postsynaptic dopaminergic vasodilator, for 24 hr. Arteries with 4-5 layers of medial smooth muscle cells were most severely and frequently affected. Lesions were particularly severe in interlobular pancreatic arteries and subserosal gastric arteries. Yuhas et al also found foci of necrosis in left and right ventricular myocardium in 1 of 13 rats, but did not describe myocardial vascular lesions. The vascular lesions could not be produced by administration of fenoldopam mesylate in the form of intravenous bolus injections. Yuhas et al suggested that the pathogenesis ofthese lesions was related to the pharmacologic activity of fenoldopam mesylate at dopamine receptors.
Both the minoxidil-induced and the fenoldopam mesylate-induced lesions conform morphologically to the characteristics described by Cuenoud et al (4) under the term "focal arteriolar insudation." These lesions were induced by the subcutaneous insertion of sterile, inert plastic pellets over the cremaster muscles of rats. This procedure resulted in focal lesions in arterioles at a distance from the pellets, with focal dilatation of the vessels and endothelial damage and increased permeability. These lesions were more severe when the pellets were loaded with histamine and were inhibited when the pellets were loaded with serotonin. Electron microscopic study of these lesions showed interendothelial gaps, massive infiltration of the media with blood components and fibrin, stretching and necrosis of the medial smooth muscle cells, and only a few inflammatory cells. Cuenoud et al suggested that his lesion was caused by endogenous mediators affecting the smooth muscle cells and/or endothelium.
There have been relatively few pharmacologic protective studies designed to elucidate the pathogenesis of minoxidil-induced myocardial lesions. Minoxidil cardiotoxicity in dogs was attenuated by the diuretic, furosemide, but not by the adrenergic blocking agent, propranolol (l0). The significance of these findings remains to be determined. In the present study, partially degranulated mast cells were observed in the vicinity of the atrial lesions. One vasoactive substance released from degranulating mast cells is histamine, which can provoke alterations in vascular permeability and which has been implicated in the pathogenesis of the focal arterial insudation lesions described by Cuenoud et a1 (4) . However, pretreatment with both' HI and H 2 histamine receptor-blocking substances failed to alter the development ofminoxidil-induced hemorrhagic or necrotic lesions in dogs. It is possible that the minoxidil-induced vascular lesions are mediated by a combination offactors, including excessive stretch on the vascular walls, activation of vascular reflexes and release ofmediators that exert a variety ofpharmacological effects on endothelial cells and smooth muscle cells.
